The nucleotide sequences of a segment of the Pneumocystis mitochondrial large-subunit (mt LSU) rRNA gene from rhesus macaques coinfected with simian immunodeficiency virus (SIV) and Pneumocystis carinii were examined. Of 12 isolates examined, 3 were found to be identical and the others showed substantial sequence variation, with up to 13% divergence among variants. We identified two general sequence types that differed at several sites, including a conserved 26-nucleotide insertion. Four monkeys had evidence of two Pneumocystis variants present simultaneously, indicative of a mixed infection. There was a high degree of variance between the rhesus macaque-derived Pneumocystis mt LSU rRNA gene sequence and the cognate sequences in Pneumocystis organisms derived from other hosts. Analysis of the mt LSU rRNA genes of Pneumocystis organisms derived from rhesus macaques and several other mammalian hosts supports the observation that rhesus macaque-derived Pneumocystis is most closely related to human-derived Pneumocystis. In addition, the data identify the mt LSU rRNA gene as an informative locus for transmission and epidemiological studies of the SIV-rhesus macaque model of Pneumocystis infection.
Pneumocystis carinii is a fungal organism that is a frequent opportunistic pulmonary pathogen in immunocompromised hosts with particular importance in human immunodeficiency virus (HIV)-infected individuals (16, 28) . Despite improved treatment strategies for HIV infection, P. carinii pneumonia (PCP) remains a significant source of morbidity and mortality. The lack of a reliable in vitro culture system has hampered basic research on this organism; however, several immunocompromised animal models of PCP have been developed and have provided a source of organisms for molecular analysis (5, 22, 32) . From these studies, it has become clear that Pneumocystis organisms derived from different mammalian hosts exhibit striking molecular and antigenic variation at a number of different genetic loci (14, 34, 36) . In addition, it has been well documented that Pneumocystis derived from one mammalian host is not easily transmissible to other hosts, indicating a strong host-species restriction (13, 15 ; E. M. Aliouat, E. Mazars, E. Dei-Cas, P. Delcourt, P. Billaut, and D. Camus, abstr. Int. Workshop Protists, J. Eukaryot. Microbiol. 41:71S, 1994). As a consequence of host restriction and molecular analyses, a trinomial nomenclature for Pneumocystis has been used to describe variants derived from different host species (31) . More recently, it has been proposed that the variants of Pneumocystis from different mammalian hosts are actually distinct species and that species names should be based upon the mammalian host from which the Pneumocystis organism is derived (35) .
The principal PCP animal models currently in use are corticosteroid-treated rats and mice (9) and mice selectively depleted of specific immune cells (18) . These studies have provided much insight regarding the central role of CD4 ϩ T cells in resistance to infection by Pneumocystis. These models have been very important in advancing our understanding of the pathogenesis of PCP; however, there are limitations. For example, the use of corticosteroids compromises studies aimed at understanding immune effector mechanisms. Furthermore, the role of cytokines in control or pathology cannot be readily addressed in these models because of the broadly suppressive effects of drug treatment. The immune dysregulation associated with HIV infection involves alterations in B-cell and macrophage functions, as well as the primary defect of CD4 T-cell loss; the immunosuppressed rodent models of PCP cannot model these specific types of defects.
It has been established that infection of some Old World monkeys with simian immunodeficiency virus (SIV) produces a complex disease with many of the pathological aspects seen in AIDS (3, 6) . SIV-induced immunodeficiency in macaques is a highly relevant model because macaques develop a constellation of opportunistic infections similar to that which occurs with AIDS. For these reasons, the SIV-infected macaque has become the principal animal model for the study of AIDS pathogenesis and vaccine development (20, 25) . In addition, many human immunologic reagents are useful in these animals. Thus, biological and technical aspects of the model make it uniquely suitable for studies of AIDS.
There are several reasons to study PCP in the context of HIV infection, including differences between the progression and pathogenesis of PCP in HIV infection and in other immunosuppressed patients and the interaction of HIV with Pneumocystis in the lung. Studies have established that there are significant differences in the clinical features of AIDS-associated PCP and PCP in patients in other immunosuppressed states (21, 27, 29, 40) . Thus, despite the similar losses of CD4 ϩ T cells, the complexity of the immune dysfunction in both AIDS-and non-AIDS-associated PCP leads to very different pathogeneses of PCP in these two patient populations. There may also be important interactions of HIV and Pneumocystis in the lung that occur in HIV-infected individuals. These interactions may alter the resultant inflammatory responses and development of subsequent lung injury from those resulting from Pneumocystis infection alone.
To study the interaction of Pneumocystis and HIV in the pathogenesis of lung injury and to define immune parameters associated with the control of PCP in the context of HIV infection, our laboratory has developed a nonhuman-primate model of PCP in SIV-infected rhesus macaques (4) . In these studies, conditions for reproducible infection were established and the progression of Pneumocystis infection was characterized. A key feature of this model is the protracted course of infection, with a long period of asymptomatic carriage of Pneumocystis. This course is in contrast to the rapidly progressing, fulminant infection produced in immunosuppressed rodents. Pneumocystis-infected, SIV-immunosuppressed macaques develop respiratory symptoms associated with frank PCP 20 to 40 weeks after Pneumocystis infection; however, evidence of Pneumocystis-induced inflammatory response in the lungs, characterized by neutrophil and CD8
ϩ -T-cell infiltration, is evident early after inoculation. This extended colonization period and the indolent course of the infection are very similar to those of HIV-associated PCP. Naturally acquired and experimental PCP in SIV-infected macaques shows histopathologic features similar to those seen in HIV-associated PCP (1, 2, 4, 7, 13) .
In addition to modeling mechanisms of lung injury and immune responses, we have begun studies to evaluate patterns of transmission of Pneumocystis. Little is known about the transmission and epidemiology of Pneumocystis infection, particularly among HIV-infected individuals. We therefore sought to examine at a molecular level Pneumocystis derived from the simian model of AIDS in order to develop genetic reagents to monitor the progression of infection in the monkey model and to evaluate natural transmission patterns. In the present study, we examined lung samples from 11 SIV-infected macaques that were part of ongoing studies of SIV vaccine efficacy and analyzed the nucleic acid sequence of a segment of the mitochondrial large subunit (mt LSU) rRNA gene. Significant sequence variability was observed among the macaque-derived Pneumocystis sequences, as well as between macaque-derived Pneumocystis and Pneumocystis sequences derived from other mammalian hosts. The results show that the mt LSU rRNA segment that was analyzed is a useful locus for the evaluation of transmission of Pneumocystis in SIV-infected rhesus macaques, as well as for epidemiological studies of this model.
MATERIALS AND METHODS
Pneumocystis nomenclature. A trinomial system of nomenclature of P. carinii based upon the host of origin is used in this paper (31) . Organisms obtained from rhesus macaques are called P. carinii f. sp. macaca. The prototype P. carinii variant first described for rats is referred to as P. carinii f. sp. carinii, and the rat-derived variant is P. carinii f. sp. ratti. Other P. carinii variants described in this study are P. carinii f. sp. hominis (human), P. carinii f. sp. muris (murine), P. carinii f. sp. mustelae (ferret), and P. carinii f. sp. oryctolagi (rabbit).
Animals. Eleven male rhesus macaques of Indian origin (Macaca mulatta) were utilized for this study. The SIV infection status of each animal is indicated in Table 1 . All animals were individually housed in a biosafety level 2ϩ primate facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care at the University of Pittsburgh School of Medicine. All animal manipulations were approved by the Institutional Animal Care and Use Committee of the School of Medicine prior to initiation of the study. Animals were chronically infected with pathogenic SIV DeltaB670 (animals 1799, 5199, 8397, 9297, 11897, 7097, 0398, 12097, and 11797) or mac239 (animals 1899 and 2099). Samples from SIV-infected and P. carinii-negative animals as well as SIV-naïve animals were also utilized as negative controls in PCR.
BAL. Bronchoalveolar lavage (BAL) was performed as described previously (7). Lavage fluid was centrifuged onto glass slides and stained with modified Giemsa reagents (Diff-Quik; Baxter Scientific Products, McGraw Park, Ill.) according to the manufacturer's protocol. Slides were examined microscopically for the presence of Pneumocystis. An aliquot from each BAL sample was utilized for Pneumocystis-specific PCR.
DNA preparation and PCR. Approximately 3 ml of lavage fluid was microcentrifuged for 5 min, and the pellet was resuspended in 100 l of PCR buffer (20 mM Tris-HCl [pH 8.4], 50 mM KCl, 3 mM MgCl 2 ) and boiled for 15 min. Cellular debris was pelleted, and the DNA was quantified by UV spectroscopy at a wavelength of 260 nm. PCR was performed using primers PAZ 102-E (5Ј GAT GGC TGT TTC CAA GCC CA 3Ј) and PAZ 102-H (5Ј GTG TAC GTT GCA AAG TAC TC 3Ј), which amplify an approximately 350-bp segment of the Pneumocystis mt LSU rRNA gene (38) . The PCR was performed in a 50-l reaction mixture containing a 0.2 mM concentration of each deoxynucleoside triphosphate, 1 M (each) primer, 1 g of template DNA, and 2.5 U of Taq polymerase (GIBCO-BRL, Grand Island, N.Y.) in PCR buffer. Thirty-five cycles of amplification were performed with denaturation at 94°C for 90 s, annealing at 54°C for 90 s, and extension at 72°C for 2 min. DNA samples were also subjected to PCR with ␤-globin primers to assess the quality of the DNA preparation, as described previously (8) . PCRs were performed with DNA samples of archival lung homogenates from SIV-infected rhesus macaques with no clinical or microscopic evidence of Pneumocystis infection, as well as lung samples from SIV-naïve monkeys. PCR mix-FIG. 1. Agarose gel electrophoresis of PCR products from SIVinfected rhesus macaque BAL samples. DNA from BAL samples was amplified with P. carinii mt LSU rRNA primers, and products were resolved on 1.5% agarose gels. The expected product of approximately 350 nucleotides was visualized by ethidium bromide staining. Two separate bands were observed in samples from monkeys 1799, 5199, 0398, and 11797. Molecular weight standards (MW) in 100-nucleotide increments are at the left. A PCR with no template added was used as a negative control. tures containing no template DNA were used to evaluate cross contamination of tubes. PCR products were electrophoresed in 1.5% agarose gels and visualized by ethidium bromide staining. DNA cloning and sequencing. PCR products were gel purified using GeneClean (Bio 101, La Jolla, Calif.) and cloned directly into plasmid pCR2-TOPO (Invitrogen, Carlsbad, Calif.) according to the manufacturer's instructions. Plasmids were prepared for sequences using a Wizard mini-prep kit (Promega, Madison, Wis.). Sequencing reactions were performed by the University of Pittsburgh Department of Molecular Genetics and Biochemistry Core Facility using a Dye Deoxy Terminator cycle sequencing kit (Applied Biosystems, Inc., Foster City, Calif.). Sequencing reaction mixtures contained 0.5 g of template DNA and 3.4 pmol of primer. Both strands of the sequences of multiple clones of each PCR product were confirmed. Automated sequencing was carried out using a PRISM DNA sequencer (Applied Biosystems, Inc.). Analysis of the DNA sequence was performed with Gene Inspector version 1.5 software (Textco, Inc., Lebanon, N.H.), and sequence similarity was confirmed with LALIGN (http: //www.ch.embnet.org/software/LALIGN_form.html).
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study were submitted to GenBank and assigned the following accession numbers: AF402683, AF402684, AF402685, AF402686, AF402687, AF402688, AF402689, AF402690, AF402691, AF402692, AF402693, and AF402694. Other sequences used for comparison were obtained from GenBank and had the following accession numbers: M58605 (P. carinii f. sp. hominis), S42915 (P. carinii f. sp. oryctolagi), S42921 (P. carinii f. sp. mustelae), U20169 (P. carinii f. sp. carinii), U20173 (P. carinii f. sp. ratti), L36903 (Saccharomyces cerevisiae), and AY011165 (M. mulatta).
RESULTS
BAL samples from 11 SIV-infected rhesus macaques were collected and analyzed. Four animals had severe PCP at the time of necropsy (animals 0398, 8397, 11797, and 2099), and the remaining animals had microscopic and/or histologic evidence of Pneumocystis infection (data not shown).
PCR of BAL samples using mt LSU primers PAZ 102-E and PAZ 102-H produced a product of approximately 350 bp in all monkey samples with microscopically confirmed Pneumocystis infection. PCR products from six samples are shown in Fig. 1 . Size variations were observed on agarose electrophoresis of the PCR products, and in four cases (samples 1799, 5199, 0398, and 11797), two separate but closely migrating bands were observed (Fig. 1) . PCR products were cloned in Escherichia coli, and plasmids containing the PCR products were sequenced in both directions. The DNA from two to three clones from each PCR product was sequenced. The PCR products from monkeys 0398 and 11797, which yielded a doublet on electrophoresis, were cloned and analyzed separately. Based on DNA sequence analysis, the clones ranged in size from 345 to 379 bp, which was consistent with the electrophoretic mobility of the PCR products ( Fig. 1 and Table 2 ). Multiple sequence alignment of the macaque-derived Pneumocystis mt LSU sequences revealed a 26-bp insert starting at nucleotide 107 in the higher-molecular-weight amplicon that was not present in Pneumocystis organisms derived from other hosts (not shown). This insertion was found in isolates from 7 of the 11 animals studied (Fig. 2) . The sequence and position of the insertion are similar to those reported for a single isolate from an SIV-infected macaque (12) . In addition, an 8-bp nucleotide deletion (relative to sequences of Pneumocystis mt LSU rRNA genes derived from other species) was found at nucleotide position 143 in 5 of the 11 isolates (Fig. 2) . The presence of these insertions and deletions in the cloned PCR products is consistent with the variations in the electrophoretic mobilities of the PCR products, as shown in Fig. 1 . In addition, singlenucleotide differences were observed at 33 sites within the amplicon (Fig. 2) . The percent divergence among the macaque-derived isolates was calculated, and the highest difference (13.1%) was found in samples from monkeys 11797 and 0398. This level of divergence has not been observed in Pneumocystis derived from other hosts, except in the case of the two different rat variants, P. carinii f. sp. carinii and P. carinii f. sp.
ratti.
A comparison of the nucleic acid sequences of this locus to the Pneumocystis mt LSU rRNA sequences derived from other mammalian hosts was carried out, and the percent divergence was calculated (Table 3 ). The sequence from monkey 0398 showed the closest similarity to human-derived Pneumocystis (12.2% divergence compared to 29.2% divergence between FIG. 3 . Multiple sequence alignment of human-and rhesus macaque-derived P. carinii mt LSU rRNA genes. DNA sequences of a portion of the P. carinii mt LSU rRNAs from P. carinii f. sp. macaca (rm) from monkey 0398 and P. carinii f. sp. hominis (human) were aligned as described in the text. macaque-and rat-derived Pneumocystis organisms) (Fig. 3) .
The divergence between rat-and macaque-derived Pneumocystis variants is nearly as great as that between P. carinii f. sp. carinii, the rat prototypic strain, and S. cerevisiae, another member of the Ascomycota (Table 3) . Samples from monkeys 1799, 5199, and 8397 had PCR products with identical sequences; however, 1799 and 5199 had an additional unique mt LSU rRNA amplicon. These results are consistent with the electrophoretic pattern observed (Fig. 1) and a mixed infection. Animals 1799 and 5199 were housed in the same room, and the SIV infection was initiated at the same time (Table 1) . Both animals rapidly progressed to AIDS, and they were sacrificed 164 and 181 days after SIV infection. Interestingly, monkey 8397 had no contact with either 1799 or 5199 and was sacrificed prior to their arrival at the facility. A second group of animals, 12097 and 11897, also had identical sequences, were part of the same SIV infection cohort (Table  1) , and were housed in the facility for several months during the same time period.
DISCUSSION
P. carinii was originally considered a single species capable of infecting a wide range of mammalian hosts. Molecular analyses have demonstrated that the taxonomy of this organism is very complex (11, 24, 30, 33, 39 ). There is a high level of diversity at a number of unlinked loci in Pneumocystis organisms derived from different hosts. In addition, Pneumocystis is not readily transmissible between mammalian hosts, suggesting that Pneumocystis is host species specific (15) . Genetic heterogeneity has been examined at several loci, including the mt LSU rRNA (37), the nuclear rRNA operon (26) , and the folic acid synthase gene (23) . In addition to the genetic diversity seen in these loci in Pneumocystis organisms derived from different hosts, there is also significant diversity in some loci in Pneumocystis organisms derived from the same hosts. These studies have demonstrated that Pneumocystis is comprised of many different types of organisms with specific host tropisms, and accumulating evidence supports the concept that organisms derived from different mammalian hosts are distinct species (35) .
In this study, we analyzed DNA samples from BAL fluid of SIV-infected rhesus macaques that were infected with Pneumocystis. PCR of the mt LSU locus of Pneumocystis revealed the presence of two distinct products, and the DNA sequence analysis confirmed that both of these were mt LSU rRNA amplicons. PCR and nucleic acid sequence analysis also provided evidence of a mixed infection in several of the animals ( Fig. 1 and 2) . These results are consistent with those showing the presence of mixed infections in humans and rats (30) .
Sequences of the mt LSU locus in rat-and macaque-derived Pneumocystis organisms show nearly 30% divergence (Table  3 ). This striking level of diversity in the mt LSU loci among members of the same species was nearly as great as that between P. carinii f. sp. carinii and S. cerevisiae. Other studies have indicated that human and nonhuman-primate-derived Pneumocystis organisms are most closely related (10, 17, 39) , and our results confirm this conclusion (Table 3 ). In addition to the high level of heterogeneity observed at the mt LSU rRNA site between macaque-derived Pneumocystis and Pneumocystis organisms derived from other hosts, we observed up to 13% divergence among macaque-derived sequences. Most of the difference was due to the presence of a 26-nucleotide insert present in some of the isolates (Fig. 2) . This insert is thus far unique to primate-derived Pneumocystis, although it was not present in all of the isolates. Two apparently distinct genotypes were reported for the internal transcribed spacer locus from macaque-derived Pneumocystis DNA, suggestive of two strains in this host; however, no mixed infections were observed (19) . Our results at the mt LSU site support the distinction of two macaque-derived Pneumocystis variants, and the presence of both types was readily detectable in individual animals.
The identification of distinct variants of Pneumocystis in the macaque model should facilitate studies of transmission in this host, since strains can be easily tracked by mt LSU rRNA sequence. Recently, our laboratory has developed an experimental model of Pneumocystis infection in rhesus macaques (4) . In these studies, Pneumocystis was introduced intrabronchially, and the progression of infection was monitored by Pneumocystis-specific PCR of BAL fluid (4) . In addition to its usefulness as a diagnostic probe, the sequence variability at the mt LSU locus allows for the distinction between the presence of the inoculating strain and a naturally acquired infection in this model. In addition, the sequence variability at the mt LSU site makes transmission studies feasible with the primate model.
In summary, these results support the concept that Pneumocystis organisms derived from different mammalian hosts represent different species and that these organisms likely coevolved with their mammalian hosts, as has been suggested by Demanche and colleagues (10) . In addition, the genetic heterogeneity observed at the mt LSU locus of primate-derived Pneumocystis provides a useful marker for transmission and epidemiological studies of this animal model of PCP.
